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CONTRACTUAL ORIGIN OF THE INVENTION 

^ The United States Government has rights in this invention 

J pursuant to Contract No. DE-AC36-83CH10093 between the United 

rnLO States Department of Energy and the Midwest Research Institute. 

LS FIELD OF THE INVENTION 

'i'iz 
7. "ss 

Cl This invention relates to the use of ion-beam processing to 

15 prepare surfaces of p-CdTe thin films for application of ohmic 
contacts. 

Ion-beam etching is used to prepare the surface of p-type 
CdTe films so that wet chemical treatments are avoided. These 
processes may be used for application in preparing photovoltaic 
20 and other devices to improve device performance by decreasing the 
losses associated with the back metal contact. 
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BACKROUND OF THE INVENTION 



A typical single- junction photovoltaic cell is comprised of 
a substrate on which to form the device, two ohmic contacts to 
conduct current to an external electrical circuit, and two or 
more semiconductor layers in series to form the semiconductor 
junction. At least one of these semiconductor layers (the 
absorber) is chosen so that its bandgap is of a value for near 
optimum conversion of solar radiation. In the typical design, one 
semiconductor layer is doped n-type, and the adjacent layer is 
doped p-type. The intimate proximity of these layers forms a 
semiconductor p-n junction. The p-n junction provides an electric 
field that facilitates charge separation in the absorber layer (s) 
when the cell is illuminated, and charge collection at the ohmic 
contacts . 

In the standard photovoltaic cell including the substrate 
for mounting the cell and two ohmic contacts for conducting 
current to an external electrical circuit, in addition to the n- 
type layer and the p-type layer of a two layer semiconductor 
cell, a three layer cell typically includes an intrinsic (i-type) 
layer disposed between the n-type layer and the p-type layer for 
absorption of light. 



In the photovoltaic cell, the semiconductor layers may be 
formed from single crystalline materials, amorphous materials, or 
polycrystalline materials. However, single crystalline materials 
are preferred from an efficiency perspective, because 
5 efficiencies are available in excess of about 20% in specific 
single crystalline photovoltaic cells. Nevertheless, the 
disadvantage associated with single crystalline materials is the 
high cost of the material as well as the difficulty in depositing 
the single crystalline materials. 
10 On the other hand, in the case of amorphous materials, one 

m must contend with low carrier mobility, low minority carrier life 

W time, low efficiency, and issues of cell stability. Therefore, 

y_ while single-crystalline and amorphous materials are utilized in 

^ some photovoltaic device applications, semiconductor layers 

y_5 composed of polycrystalline materials are viewed as the preferred 
alternative for the production of photovoltaic devices that would 
be economically viable for a wide range of applications. 

Polycrystalline materials offer numerous advantages for the 
production of the photovoltaic cells. However, there is a desire 
20 in the industry of the field of polycrystalline materials to 

increase the efficiency of the polycrystalline photovoltaic cells 
from the current efficiencies of about 5-10% range to about a 
range of about 10-15%, and ultimately to advance the efficiencies 
of polycrystalline photovoltaic cells closer to the 15-25% range 
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of the single crystalline materials. 

Cadmium telluride is a semiconductor with electrical 
properties recognized in the industry as well suited for 
conversion of sunlight into electrical energy. The material has a 
5 bandgap that is nearly optimum for conversion of terrestrial 

solar radiation and the ability to be doped n-type and p-type, 
that permits the formation of a large range of junction 
structures. 

One significant technological problem with CdTe-based 
10 devices is that it is difficult to form an ohmic contact to the 
p-type form of the material. This is observed for both single 
*f J . crystalline and polycrystalline p-type CdTe, and results from a 

J\ combination of large semiconductor work function, and the 

f" inability of CdTe to sustain sufficiently high p-type carrier 

: : f5l5 concentration to enable quantum-mechanical tunneling of charge 

carriers at the CdTe/metal contact interface. In addition to 
Ci these fundamental problems, the polycrystalline p-type CdTe 

material used as the absorber in a CdS/CdTe photovoltaic device 
is typically treated with Cl~containing liquids or vapors just 
20 prior to the formation of ohmic contact. The CI treatments 

improve junction performance, but also can produce a CdTe surface 
that is rich in CI. Furthermore, the formation of oxide layers 
from atmospheric oxygen or other processes can alter the chemical 
properties of the p-type CdTe surface. These factors can effect 
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the electrical transport at the contact interface, and alter the 
characteristics of the ohmic contact. 

To remove the contaminated outer surface of the p-type CdTe, 
wet chemical treatments are often used. In addition to removing 
5 unwanted contamination from the surface, these treatments often 

have the added benefit of forming a Te-rich layer at the surface, 
and this Te-layer assists in forming the ohmic contact. 

Accordingly, there is a need in the art of preparing the 
back surface of CdS/CdTe thin-film photovoltaic devices, to 
10 minimize and/or eliminate the effect of variations and provide 
5 uniform reproduceable surfaces onto which subsequent contact 

W layers can be applied - by first utilizing a "dry process" which 

H is inherently compatible with in-line manufacturing and does not 

H produce significant waste products. 

□j.5 U.S. Patent 4,319,069 discloses chemical treatment of a p- 

W CdTe surface prior to contacting to improve the contact 

| characteristics. HN0 3 (oxidizing acid) plus H 3 P0 4 (leveling agent) 

is employed to form the Te layer. In this patent, the use of ~ 5% 
HN0 3 + H 3 P0 4 chemical pretreatment is used to improve the contact 
20 characteristics, and is a subtractive process. 

Chemical treatment of a p-CdTe surface prior to contacting 
to improve the contact characteristics, by use of an oxidizing 
acid plus a reducing agent (hydrazine or metal alkalide) is 
disclosed in U.S. Patent, 4,456,630. The use of the chemical 
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pretreatment to improve contact characteristics is subtractive 
processing, and in such a process, generally, there is very 
limited control over characteristics such as removal rate, 
selective grain-boundary etching, and thickness of the resulting 
Te- layer formation . 

U.S. Patent 4,766,084 discloses a process for producing an 
electric contact on a HgCdTe substrate having a p conductivity 
and application to the production of an N/P diode, and 
specifically uses ion bombardment for removal etching of the Si0 2 
insulator layer . 

A process for replacement of chemical etching with a process 
involving CF 4 plasma etching plus heat treatment to form an 
improved gate area in n-type a-Si on top of intrinsic a-Si is 
disclosed in U.S. Patent 4,581,099. 

SUMMARY OF THE INVENTION 
One object of the invention is to provide improved 
photovoltaic device performance by decreasing the loses 
associated with the back contact by preparing the surface of p- 
type CdTe films utilzing a method which avoids wet chemical 
treatments . 

Another object of the present invention is to provide a 
process for treating the surfaces of p-type CdTe films that have 
not been prepared utilizing wet chemical treatments, but instead, 



ion-beam treatment to improve ohmic contacts. 

In general the invention is accomplished by placing a 
CdS/CciTe sample into a chamber capable of evacuation to pressures 
>le-5 torr through the use of appropriate high vacuum pumps. The 
5 sample is oriented on a sample holder with the p-CdTe side of the 
sample facing apparatus capable of generating Ar atoms and ions 
of preferred energy and directionality (i.e., an ion source). The 
sample may be positioned on a sample holder that can allow for 
sample heating, and/or impart movement to the sample and thereby 
^10 improve the uniformity of the ion-beam exposure. 
^ Once high vacuum is established within the processing 

'f*t chamber, the ion source is ignited and the sample is exposed to 

J; energetic Ar atoms and ions. During ion exposure the source-to- 

f substrate distance is maintained such that it is less than the 

fSl5 diffusion length of the Ar atoms and ions at the vacuum pressure. 
\% During sample exposure, the directionality of the source beam may 

Cj be varied from normal incidence to oblique angles, thereby 

permitting substrate movement. The angle of the ion gun may be 
varied as well as the aperture of the ion source. Further, the 
20 time of ion beam exposure is typically less than five minutes, 
and changes in device performance are related to exposure time. 

Following the ion-beam processing, deposition of appropriate 
contact layers should be performed before the plasma-processed 
CdTe surace is exposed to air or other contamination. 
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BRIEF DESCRIPTION OF THE DRAWINGS 



A more complete appreciation of the invention and the 
advantages attendant thereof will be obtained by reference to the 
detailed description when considered in connection with the 
accompanying drawings, wherein: 

FIG. 1 shows the various layers of a solar cell 
configuration. 

FIG. 2 illustrates one of the basic problems with contacting 
semiconductor materials such as p-CdTe and p-ZnSe. FIG. 2a shows 
the position, relative to the vacuum level (energy-zero), of the 
conduction-band, valance-band, and Fermi energy levels for a 
semiconductor such as p-CdTe. FIG. 2b shows, in approximate 
relationship to the energy levels of the semiconductor, the 
energy level (i.e., metal work function) that would be associated 
with a typical metal having a high work function (>5.0 eV) . As 
illustrated in FIG, 2c, when the p-CdTe semiconductor and the 
high-work function metal are brought into intimate contact, the 
Fermi level near the surface of the semiconductor will 
equilibrate with the position of the metal work function. This 
will cause the conduction and valance bands of the semiconductor 
to bend downward and form a barrier, as shown in the figure. 
Depending upon the specific material and electrical properties of 
the semiconductor and the metal, the barrier will have a specific 
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"width" and "height" as shown in the figure. For the case of p- 
CdTe and typical metals, the charge carriers will have 
insufficient energy to flow over the barrier, thus limiting 
current transport between the metal and the semiconductor. This 
limitation will lead to contact resistance in the solar cell that 
can become a part of the total series resistance in the solar 
cell, and thereby limit cell performance. Note that if a metal 
with a smaller value of work function is chosen, the barrier 
height will be even larger, further limiting cell performance. 
Typically, the resistance associated with this type of contacting 
3 problem can be minimized by producing a very high p-type carrier 

W concentration in the region in the p-CdTe immediately adjacent to 

M the metal. This technique will produce a barrier width that is 

i y 

f"* sufficiently narrow to allow low-resistance charge transport 

Cl5 across the barrier by the process known as quantum-mechanical 
fi tunneling. However, because the maximum p-type carrier 

* concentration in CdTe is limited by compensation mechanisms, low- 

resistance tunneling has not been demonstrated between metals and 
p-CdTe. 

FIG. 3 shows an energy-band diagram illustrating a 
resolution of the problems associated with forming low-resistance 
ohmic contact to p-CdTe. In this technique, a contact interface 
layer (CIFL) is placed between the p-CdTe and the outer 
metallization. For the case of ohmic contact to p-CdTe, the CIFL 
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is chosen so that it produces a small discontinuity at the 
valance band. The CIFL is also chosen so that it can be 
fabricated to have a sufficiently high p-type carrier 
concentration to facilitate quantum-mechanical tunneling of 
charge between the CIFL and outer metallization. Because of its 
material and electrical properties, the semiconductor p-ZnTe has 
been shown to be a useful CIFL for this application. FIG. 3 shows 
an energy-band diagram illustrating the function of a CIFL in an 
idealized situation where the position of the Fermi level, at the 
p-CdTe surface is not pinned or affected by artifacts of 
contamination . 

FIG. 4 shows an energy-band diagram illustrating a barrier 
at the p-CdTe/CIFL that forms if the Fermi level at the p-CdTe 
surface is pinned toward mid gap by the presence of artifacts due 
to intrinsic interface states, interface mixing, residual surface 
layers, or contamination. In this situation, although current 
transport at the CIFL/metal interface can proceed via low- 
resistance tunneling, significant resistance in the contact 
remains because of the potential barrier formed at the p- 
CdTe/CIFL interface. It is the reduction or elimination of this 
barrier that is the object of this invention. 

FIG. 5 shows a flow diagram illustrating the state-of-the- 
art process for CdS/CdTe photovoltaic cell manufacture and a flow 
diagram illustrating an improved process sequence that results 
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from the incorporation of this invention. The diagrams shows that 
by eliminating the wet chemical process, some components of the 
process sequence can be eliminated, and the process be 
streamlined. Further, by replacement of the wet chemical process 
5 with a dry process as described by this invention, process 
reproducibility is improved and chemical waste is reduced. 

FIG. 6 is an x-ray photoelectron spectroscopy (XPS) depth 
profile illustrating the effects of a wet chemical process on the 
single crystalline and polycrystalline CdTe. The figure shows 
10 that a wet chemical etch composed of HN0 3 : 85H 3 P0 4 : 33H 2 0 will form 
£3 a Te-rich layer on the surace of both single crystalline and 

W polycrystalline CdTe. The figure shows that the depth of the Te- 

3 rich region extends farther into the bulk of the polycrystalline 

^ material than for the single crystalline material. Although the 

?15 Te-rich region formed by the wet chemical etching assists the 
!l! formation of ohmic contact, the extent to which the p-CdTe is 

; 4 ! effected is dependent on etching parameters, and these are often 

difficult to control. For this reason, the reproducibility of wet 
chemical processes is viewed as inferior compared to the dry 
20 processes, such as those described by this invention. 

FIG. 7 shows scanning-electron microscope (SEM) images 
illustrating effects of wet chemical process on polycrystalline 
CdTe films. FIG. 7a shows a cross-section view of a 
polycrystalline CdTe film before wet chemical processing. FIG. 
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7b. shows a cross-section view fo a polycrystalline CdTe film 
that has been etched for 5 minutes using HN0 3 : 85H 3 P0 4 : 33H 2 0 . The 
photographs illustrates that this wet chemical processing leads 
to preferential etching along grain boundaries. The resultant 
grain boundary etching may enhance diffusion of materials from 
the back contact toward the junction region. It is well known 
that significant diffusion of certain metals (such as Cu) into 
the junction region can lead to losses in cell performance and to 
long-term instability. Because the dry processes identified in 
this invention predominantly effects only the surface of the 
polycrystalline CdTe, grain-boundary etching is avoided and 
related diffusion concerns are minimized. 

FIG. 8 showns XPS surface scans illustrating the effect of 
bombardment of single crystalline p-CdTe with 500 eV Ar neutrals. 
FIG. 8a shows that for the bombardment conditions used, the 
surface stoichiometry can be altered from the Cd-rich, to Te-rich 
within exposure times of <1 min. However, FIG. 8b shows that, for 
exposure times >1 min., the surface becomes increasingly likely 
to form oxides. The data indicate that, with proper control of 
exposure time, exposure to energetic Ar atoms can yield p-CdTe 
surface stoichiometrics advantageous for ohmic contact formation. 

FIG. 9 shows a schematic diagram of a typical ion-beam 
etching system of the invention process. 



12 



DETAILED DESCRIPTION OF THE INVENTION 
Figure 1 shows various layers of a solar cell configuration. 
In this configuration, light enters through the glass substrate 
10. The substrate is typically called a superstrate when the cell 
is designed to have the light incident on the substrate side. The 
light is absorbed predominantly in the p-CdTe layer 11. The 
figure shows the location of the transparent-conducting oxide 
(TCO) layer 12 that forms the transparent electrical top contact 
to the n-type CdS layer 13, and the location of the semiconductor 
n-p junction 14 between the n-CdS and p-CdTe. The figure shows 
the location of a contact-interface layer (CIFL) 15 that 
optionally may be placed between the CdTe and an outer back 
metallization to improve the performance of the contact. The 
interface 16 between the CdTe and the CIFL is where the plasma 
etching process is applied prior to deposition of the CIFL and/or 
back metallization or metal back contact 17. 



EXAMPLE 

The CdS/CdTe is placed into a chamber that is evacuated to 
pressures >le-5 torr through the use of appropriate high vacuum 
pumps. The sample is oriented on a sample holder with the p-CdTe 
side of the sample facing apparatus capable of generating Ar 
atoms into ions of preferred energy and directionality (i.e., and 



ion source) . The sample may be positioned on a sample holder that 
allows for sample heating, and/or impart movement to the sample 
and thereby improve the uniformity of the ion-beam exposure. As 
can be seen from FIG. 9, the sample is placed on a temperature- 
controlled, movable sample stage or holder 18 that is located in 
a vacuum chamber 19. The chamber is evacuated to -le-5 torr, and 
the sample 20 is positioned such that the Ar ions and atoms 
generated by an ion gun 21 are directed toward it. Energies of 
the ion gun will be in the range of -50-2000 eV. 

The vacuum chamber is connected to vacuum valves 22 which 
are connected to vacuum pumps 23. The bombardment of the sample 
surface by the energetic Ar atoms and ions causes the changes in 
the surface stoichiometry of the p-CdTe noted in FIG. 8. Through 
proper control of the ion-beam process parameters, p-CdTe surface 
stoichiometries advantageous for ohmic contact formation result. 
In addition to relying on Ar ions for bombardment of the p-CdTe 
surface, other gas species may be optionally added to gas flow 
through the ion gun to yield p-CdTe surfaces with stoichiometries 
advantageous . for ohmic contact. 

Once the high vacuum is established within the processing 
chamber, the ion source is ignited, and the sample is exposed to 
energetic Ar atoms and ions (~50-2000eV) . During ion exposure, 
the source-to-substrate distance is maintained such that it is 
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less than the diffusion length of the Ar atoms and ions at the 
vacuum pressure (i.e., >- 500mm for a chamber pressure of le-5 
torr) . During sample exposure, the directionality of the source 
beam may be varied from normal incidence to oblique angles, 
thereby allowing substrate movement. 

Additionally, the fixed angle of the ion gun may be non- 
normal . 

In accordance with the invention, the experiments used in 
developing this invention utilized an ion source with an aperture 
of 3cm, and exposure angles of 90° and 45° were used. The time of 
ion beam exposure is typically less than five minutes, and 
changes in device performance are related to the exposure time. 

The average performance values for ion-beam processed 
CdS/CdTe devices (from 4 cells) are as follows: 



Sample Id Comment Voc 
UC232A No IB (Best) 809m V 
UC240A Meth+IB (First) 805mV 
UC240B NP+IB (First) 784mV 
UC264#2 Meth+IB (Best) 809mV 



Jsc FF n Rseries Rshunt 

20.5 mA/cm2 65.6% 10.9% 15 Ohm-cm2 990 Ohm-cm2 
21.3 mA/cm2 65.4% 11.25% 10.05Ohm-cm2 2274 0hm-cm2 
21.3mA/cm2 58.5% 9.78% 19.75 Ohm-cm2 1409Ohm-cm2 

21.6 mA/cm2 71% 12.2% 6.9 Ohm-cm2 1176 Ohm-cm2 



The process described herein is used to prepare the back 
surface of the CdS/CdTe thin-film photovoltaic PV devices (i.e., 
the p-CdTe surface) for subsequent contact layers. The reasons 
for this is that the p-CdTe surface is not of appropriate 
condition f or . the formation of ohmic contacts. This situation 
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results because of surface layers and contamination remaining 
from previous processes to which the cell has been exposed. While 
processes have been developed that provide improved contact 
performance, these contact formation processes require that the 
starting p-CdTe surface be uniformly free of unwanted 
contamination and/or uncontrolled stoichiometry . Further, CI 
based treatments are often used to optimize the performance of 
the PV device. Because of this, the near-surface region of the 
back surface may contain significant amounts of residual CI, 
and/or related contamination. Or, the surface may be heavily 
oxidized by environmental exposure prior to contacting. Surface 
oxidation can also result from utilizing a "wet chemical" 
process. 

Therefore, the process of the present invention is used to 
minimize and/or eliminate the effect of these variations by 
providing a uniform and reproduceable surface onto which 
subsequent contact layers can be applied. More importantly, the 
process of the invention is a "dry process" and therefore 
inherently compatible with in-line manufacturing and does not 
produce significant waste products. 

Following the ion-beam treatment process, it is important to 
deposit appropriate contact layers before the beam-processed 
surface of the CdTe is exposed to air or other contamination. 

While the invention has been described in detail with 



reference to preferred embodiments, it is to be understood that 
variations and modifications can be effected within the spirit 
and scope of the invention, without departing from the spirit of 
the invention. 
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IN THE CLAIMS: 



1. A method of making a low-resistance electrical contact 
between a metal and a layer of p-type CdTe surface by ion beam 
processing comprising : 

a) placing a CdS/CdTe device into a chamber and 
evacuating said chamber to create a vacuum; 

b) orienting the p-CdTe side of the CdS/CdTe device so 
that it faces apparatus capable of generating Ar atoms and ions 
of preferred energy and directionality; 

c) introducing Argon and igniting the area of apparatus 
capable of generating Ar atoms and ions of preferred energy and 
directionality in a manner so that during ion exposure, the 
source-to-substrate distance is maintained such that it is less 
than the mean-free path or diffusion length of the Ar atoms and 
ions at the vacuum; and 

d) allowing exposure of the p-CdTe side of the layer to 
said ion beam for a period less than about 5 minutes. 

2. The process of claim 1 wherein said chamber is 
evacuated to a vacuum >-le-5 torr. 

3. The process of claim 2 wherein said Ar atoms and ions 
are energized at energies from about 50 to 2000 electron volts. 

4. The process of claim 3 wherein said mean-free path of 
the Ar atoms and ions are >500mm and pressure of the vacuum is 
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about le-5 torr. 

5. The process of claim 4 wherein said ion source has an 
aperture of about 3cm. 

6. The process of claim 5 wherein the exposure angle of 

5 the sample to the ion source is between about 45° and about 90°. 
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ABSTRACT 



A method of making a low-resistance electrical contact 
5 between a p-CdTe layer and outer contact layers by ion beam 
processing comprising: 

a) placing a CdS/CdTe device into a chamber and 
evacuating the chamber; 

b) orienting the p-CdTe side of the CdS/CdTe layer so 
10 that it faces apparatus capable of generating Ar atoms and ions 

gi of preferred energy and directionality; 

yj c) introducing Ar and igniting the area of apparatus 

SJ capable of generating Ar atoms and ions of preferred energy and 

M* directionality in a manner so that during ion exposure, the 

015 source-to-substrate distance is maintained such that it is less 

y3 

fU than the mean-free path or diffusion length of the Ar atoms and 

111 

ions at the vacuum pressure; 

d) allowing exposure of the p-CdTe side of the device 
to said ion beam for a period less than about 5 minutes; and 
20 e) imparting movement to the substrate to control the 

areal uniformity of the ion-beam exposure on the p-CdTe side of 
the device • 
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patent or inventor's certificate listed below and have also identified below any foreign application for patent or inventor's 
certificate having a filing date before that of the application on which priority is claimed: 

PRIOR FOREIGN APPLICATION(S) 

Priority 

i claimed 

\ □ □ 

i Number Country Filed (Day/Month/Year) Yes No 

J I (We) hereby claim the benefit under Title 35, United States Code, § 120 of any United States applications) listed 

*1 ibelow and insofar as the subject matter of each of the claims of this application is not disclosed in the prior United States 
^application in the manner provided by the first paragraph of Title 35, United States Code, § 1 12, 1 (we) acknowledge the duty 
, to disclose material information as defined in Title 37, Code of Federal Regulations, § 1 .56(a) which occurred between the filing 
□date of the prior application and the national or PCT international filing date of this application: 



USerial No. Filing Date Status 



POWER OF ATTORNEY: As the named inventor(s), I (we) hereby appoint the following attorney(s) and/or agent(s) to 
prosecute this application and transact all business in the Patent and Trademark Office connected therewith. 


Names and Registration Nos. 


Names and Registration Nos. 


Ken Richardson 27,378 




Send Corresoondence to: 

Ken Richardson 

Assistant Chief Patent Counsel 

National Renewable Energy Laboratory 

1617 Cole Boulevard 

Golden, CO 80401 


Direct Teleohone Calls to: 
(Name and Telephone Numbers) 

Ken Richardson 

303/384-7575 
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We hereby declare that all statements made herein of our own knowledge are true and that all statements made on information 
and belief are believed to be true; and further that these statements were made with the knowledge that willful false statements 
and the like so made are punishable by fine or imprisonment, or both, under Section 1001 of Title 1 8 of the United States Code 
and that such willful false statements may jeopardize the validity of the application or any patent issued thereon. 



Full name of joint inventor 
Inventor's signature o 
Residence 




Post Office Address 



Full name of joint inventor _ 

Inventor's signature 

Residence 



Post Office Address 



bjFull name of joint inventor 

Jjnventor's signature 

f^Residence 



Post Office Address 



Date ?£*//?? 



lifer, Col< 



Citizenship USA 



29801 Kennedy Gulch Road 



Conifer, CO 80433 



Date 



Citizenship 



Date 



Citizenship 



JiFull name of joint inventor _ 

4 Inventor's signature 

Residence 



Date 



Citizenship 



Post Office Address 



Full name of joint inventor 

Inventor's signature , Date 

Residence Citizenship 

Post Office Address 
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